In this paper a microwave photonic filter using superstructured fiber Bragg grating and dispersive fiber is investigated. A theoretical model to describe the transfer function of the filter taking into consideration the spectral width of light source is established. Experiments are carried out to verify the theoretical analysis. Both theoretical and experimental results indicate that due to chromatic dispersion the source spectral width introduces an additional power penalty to the microwave photonic response of the filter.
Introduction
The advantages of microwave photonic systems have been recognized and such systems are currently being considered for a number of applications including personal communications networks, millimeter-wave radio LANs, broadband video distribution networks and signal distribution for phased array antennas.
Signal processing is a key operation in all those systems. The advantages including reduced size and weight, low and constant attenuation over the entire modulation frequency range, imperviousness to electromagnetic interference, wide bandwidth, low dispersion and high information transfer capacity etc, can be accumulated by performing microwave signal processing using optical techniques, preferably with fiber-optic compatible components. There has been much effort in this area and a large number of configurations have been reported [e.g., 1]. More recently the development of fiber Bragg gratings has lead to numerous applications in microwave photonic signal processing [e.g. 2] . Since fiber Bragg gratings own the advantages of ease and accuracy in imprinting on fiber and controllable spectral response, it provides a compact versatile device for use in this application and enable the development of more complex signal processing functions and better filtering performance.
A microwave photonic filter using Superstructured fiber Bragg grating (SFBG) and dispersive fiber was first proposed in [3] . In such a structure time delays between optical taps are determined by the product of wavelength spacing of adjacent optical reflections and the dispersion introduced by the fiber, therefore precisely matched to produce higher rejection level [3] [4] . The distortion in the filters' responses happens at high frequencies, which is as attributed to the power degradation caused by fiber chromatic dispersion, although the theoretical simulations based on the well-known analysis [5] do not match well to the experimental results in [3] [4] .
In the theoretical analyses of power degradation caused by fiber chromatic dispersion in [5] [6] a monochromatic optical carrier source is assumed. However, in a microwave photonic filter using a superstructured fiber Bragg grating the effect of the source spectral width cannot be ignored. We have presented a primary result in [7] . In this paper we further the investigation of the frequency response of a microwave photonic filter utilizing a superstructured fiber Bragg grating in a greater detail. A strict theoretical model is first established to describe the transfer function of dispersive fiber when using a light source with limited spectral width, and an analytical expression is obtained. A microwave photonic filter is constructed using SFBGs and 25 km/50 km of standard single mode fiber to experimentally investigate the microwave photonic response. Results demonstrate that the spectral width of the light source introduces an extra power penalty that is exponentially related to the square of the product of the source spectral width, fiber dispersion and modulation frequency.
Theory
In an intensity-modulated system, the modulated light wave can be expressed as,
for either using direct modulation or an external optical modulator. Here f(t) represents the modulation function, ψ 0 (t) is the unmodulated optical field, Ω the fundamental modulation frequency. For a linear modulation it consists of DC and fundamental frequency components, and I 0 , I 1 are the amplitudes of DC and fundamental frequency modulation, respectively. For systems using an external optical modulator that is mostly employed for broadband modulation, (1) can be written as [5] [6],
(2) where J 0 ,(·) J 1 (·) are zero and the first order Bessel function of the first kind, respectively, and m is the modulation index. For simplicity we assume that modulation process does not affect the phase of the light wave. The amplitude spectrum of a light source is obtained by the Fourier transform,
where φ 0 (ω) and F(ω) are the Fourier transforms of ψ 0 (t) and f(t), respectively. The amplitude of a light wave travelling in the fiber with propagation constant β can be expressed by means of the Fourier transform of its spectrum φ(ω),
where z is the travel distance in the fiber.
The ensemble average of the power ⏐ψ(z, t)⏐ 2 =P(z,t) can be expressed in terms of the autocorrelation function of the spectrum as follows [8] : With the help of (2) and (6) we can first solve the integral of dω.
where the propagation constant derivatives higher than the second order have been neglected. The square of the modulus is 
with energy P 0 and spectral width 2W. Using the above outcome then we can calculate (5) as, 
The term associated with the fundamental modulation frequency Ω in (10) is chosen to simulate the output response, as not only the second harmonic is weak but also the components other than the one with fundmental frequency is not detected when a lightwave component analyzer (or network analyzer) is used. Therefore the detected signal can be expressed as,
From the above expression it is clear that for a monochromatic source when the spectral width 2W reduces to zero the measured reponse can then be proportional to
which is a well known expression [5] ; for a source with limited spectral width, there is an extra factor that is the function of the source spectral width, modulation frequency and fiber length. This factor causes dispersion effects to take place attenuating the detected signal in frequency domain much faster than that of only using a monchromatic source.
Microwave photonic filter using superstructured fiber grating and dispersive fiber
The reflection spectrum of a typical SFBG is shown in Fig. 1 , consisting of several optical channels. If light wave with this spectral profile is launched into dispersive medium such as a chirp-Bragg grating or dispersive fiber, these channels will experience differential time delays. Such a device can thus generate a series of optical taps with a unit time delay determined by the product of the wavelength spacing and the dispersion introduced by the medium. The basic arrangement to realize a microwave photonic bandpass filter is shown in Fig. 2 . The light from a broadband light source is launched through a circulator, reflected by a superstructured fiber grating and modulated via an electro-optic modulator, then coupled into a fiber link, detected and analyzed by a Lightwave Component Analyzer. An erbium doped fiber amplifier (EDFA) is used to compensate for the optical loss in the system. The superstructured fiber grating slices the broadband source, producing a source with the spectrum as shown in Fig. 1 . From the optical spectrum we can see that it consists of 8 significant channels with a spacing of ~0.41 nm and channel spectral widths of 0.12 nm. For an ideal 8-tap bandpass filter with tap weights represented by channel peak reflection (as indicated by the dotted lines in Fig. 1 ) the simulated response is shown as trace 'i' in Fig. 3 . For a filter with such 8 taps and 25 km of standard single mode fiber, the synthesized microwave response can be simulated based on the analysis of [3] , depicted as trace 'ii' in Fig.  3 where the spectral width has been considered as infinitesimal. This would be the case when 8 narrow linewidth lasers with a 0.41nm wavelength spacing are used. Since the time delays between the different taps are introduced by the fiber dispersion experienced by the taps with different wavelengths the carrier suppression occurs in the frequency response of the filter. Comparing 'ii' with 'i' it is clear that the filter response is distorted by the dispersion effect and the envelope of trace 'ii' exactly follows trace 'iii' in Fig. 3 , which is the response of 25 km of fiber using a single monochromatic source (1 tap). When an optical spectrum-sliced light source is used the source spectral width cannot be treated as infinitesimal. The experiment was carried out by measuring the response of the filter using the SFBG and 25 km of fiber. The measured response of the filter is depicted as trace 'i' in Fig. 4 while the theoretical responses of the filter is simulated and shown as trace 'ii', which assumes the infinitesimal channel spectral width. The response of 25km fiber using a single monochromatic source is also depicted as trace 'iii'. Comparing 'i' with 'ii' we can notice that a large difference exists between the measured response and the simulated response where the source spectral width is ignored. In the measured result the passband responses at higher frequencies are more distorted and reduced than the simulated results. Especially at around 12 GHz where the passband response is much lower than the simulation. It is obvious that the analysis which ignores the source spectral width cannot describe the frequency response of the filter. Based on Eq. (11) obtained in our theoretical analysis we re-calculated the frequency response of the filter by considering each channel of the SFBG with a Gaussian spectral density function. It should be pointed out that all the gratings used in the experiments are weak gratings in order to ensure the source has a Gaussian spectral density function. It is well known that in a weak grating the reflectivity can be treated as the Fourier transform of coupling coefficient distribution along the grating [4] . Generally a Gaussian apodisation function is used to suppress sidelobes in the grating reflection. The Fourier transform of a Gaussian function still is a Gaussian function. Therefore Gaussian-apodised weak gratings produce a reflection with Gaussian spectral profiles, as does each channel in a Gaussian-apodised SFBG since the multiple channels of SFBG are the duplicates of the central channel at the harmonics of sampling period [3] . The optical spectrum of the central channel of the SFBG defined by Fig. 1 , and theoretical spectrum described by the Gaussian function are presented in Fig. 5 . As can be seen there is a good approximation.
We first assume that the light from a single channel with a spectral width of 0.12 nm is launched into 25km of single mode fiber, the response of which is calculated and shown as trace 'i' in Fig. 6 . Clearly, the calculated curve is approaching the envelope of the measured trace 'ii'. We then calculated this 25km fiber's response by using 8 optical taps, each with 0.12nm spectral width to approximate the actual source spectrum shown in Fig. 1 . The calculated result is shown as trace 'iii' in Fig. 6 . Now we can see that this calculated response is in reasonable agreement with the measured one. Comparing Fig. 6 with Fig. 4 , clearly Eq. (11) provides much better description of fiber dispersion effect in such a system. Another filter's response was also measured and calculated. Figure 7 shows both theoretical and experimental responses of a filter using 50 km of single mode fiber and a superstructured fiber grating with channel spacing of 0.21 nm and channel spectral width of 0.09 nm. Fig. 7 shows a better agreement between experiment and simulation. It should be pointed out that there still are some differences between the measured and simulated responses. These differences can be considered as the contribution of several factors. Firstly, due to the imperfection of fiber grating, not all the reflection channels of the SFBG can be well approximated by a Gaussian function. Secondly, a single channel width used in the simulation may not represent the true situation, especially for the weaker channels; thirdly and most importantly, in the beginning of the theoretical analysis we have assumed that the modulation process does not affect the phase of the light wave, which is an ideal case. In practice this can not be true. Either direct modulation or an external modulator introduces frequency chirp, implying that a slight frequency or phase modulation is parasitic in the modulated light wave signal and will certainly contribute to the resultant microwave photonic response. This can be seen from the comparison of measured and simulated 1-tap response of the 25 km fiber (Fig. 8) where the factors of source spectral shape and width have been excluded (the tunable laser used in the measurement has a linewidth of 100 kHz), however, there still exists some disagreement between measured and theoretical responses due to the frequency chirp.
The phase of the light source certainly contributes to the resultant response. For the source with limited spectral width the phase turns out to be a high frequency noise. This feature, however, has been considered and statistically characterised by the optical spectrum density function in the theoretical analysis. For most light sources the statistic density of phase noise has a Gaussian distribution thus most light sources have a Gaussian spectral density function. In the experiments of this work all the gratings were designed to produce optical reflections with a near Gaussian spectral shape. The one-tap response of the 25km fiber was investigated under different source spectral width. One tunable laser, 2 weak fiber Bragg gratings and 2 optical bandpass filters, which have spectral widths of 100 kHz, 0.12 nm, 0.43 nm, 1.5 nm and 2.03 nm respectively, were used to slice the broadband light source. Response levels at a fixed frequency (here 2GHz) were measured and are plotted against spectral width in Fig. 9(a) . The calculated response curve based on Eq. (11) is depicted in Fig. 9(a) as a comparison. It can be seen that the first three measured responses, which are the results of using the laser and two weak gratings, follow the curve calculated by using a Gaussian function as the source spectral distribution; the responses of using 2 optical bandpass filters are closer to another curve, which is calculated by using an exponential function,
, which better matches the spectral responses of optical bandpass filters, as source spectral density function. Obviously the disagreement between the measured and calculated responses strongly depends on the mismatch between the real source spectral shape and the spectral distribution function used in the simulation.
The effect of the source spectral width can greatly reduce the operational frequency range of a microwave photonic filter, which usually is limited by the first notch frequency of the 1-tap response. The relationship between operational bandwidth of a filter and the source spectral width is calculated based on the 1-tap response of the 25km fiber and shown in Fig.  9 (b) while a Gaussian spectral density function is assumed. The measured values at 3 different spectral widths are depicted on it as well. From it one can see that the available bandwidth is no longer decided by the first notch frequency and decreases rapidly with the increase of source spectral width. All the disagreements between measured and calculated results can be removed by taking account of the measured optical spectral response of a sliced light source and the frequency chirp of the modulator in the simulation. In this case, however, closed-form expressions like equations (10) and (11) may not be obtained unless optical spectral response and frequency chirp can be expressed with some simple functions. Although complex numeric calculation can provide the solution, it is beyond the scope of this paper.
Conclusion
We have theoretically analyzed and experimentally demonstrated that the effect of the source spectral width introduces an extra power penalty that is exponentially related to the square of product of the source spectral width, fiber dispersion and modulation frequency further reduces the operational bandwidth of such a microwave photonic filter and distorts the frequency response. The experiments on 25/50 km fiber link were carried out using sliced optical sources. The achieved result can be used not only in designing microwave photonic filters but also has implications for the applications of optical spectrum-sliced sources in signal generation and transmission.
